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The  changes  appearing  for  LiFeP04-C  nano-composites  exposed  to  atmosphere  at  120°C  have  been 
structurally  and  chemically  examined  by  the  use  of  TGA,  XRD,  XPS,  Mossbauer,  7 Li  MAS  NMR  and  elec¬ 
trochemical  methods.  The  results  conclude  that  a  highly  disordered  phase  resulting  from  the  aging  of 
LiFeP04  appears  on  the  surface  of  the  grains  of  the  material,  is  assigned  to  a  phosphate  phase  and  can 
insert  lithium  around  2.6  V  with  poor  reversibility.  The  essential  role  of  water  has  been  investigated  and 
clearly  demonstrated.  Thus,  the  aging  mechanism  occurring  in  hot  humid  air  is  completely  different  from 
a  simple  oxidation  as  well  as  from  the  aging  process  observed  above  150°C  and  involves  the  incorpora¬ 
tion  of  hydroxyl  groups.  In  addition,  Fe203  formation  has  not  been  observed  for  such  an  aging  in  mild 
conditions. 

©  2010  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Triphylite  LiFeP04  is  currently  considered  as  one  of  the  most 
promising  cathode  materials  of  the  new  generation  of  lithium  bat¬ 
teries.  In  this  perspective,  an  extensive  research  has  been  carried 
out  concerning  its  synthesis,  its  tailoring  for  Li  battery  applica¬ 
tion  [1-6],  and  the  understanding  of  its  intercalation  mechanism 
[7-10].  The  reduction  of  the  particle  size  is  now  understood  as  a 
key  point  to  optimize  the  materials  response  in  terms  of  capacity 
and  rate  capability  [8,5,11,12].  Lowering  the  particle  size  increases 
the  importance  of  surface  chemistry,  including  possible  parasitic 
side  reactions  [13,14].  This  aspect,  in  addition  to  the  intrinsic  wider 
solid-solution  domains  of  nano-particles  [11-13,15],  becomes  cru¬ 
cial  when  the  size  drops  under  100  nm. 

Up  to  now,  only  few  studies  deal  with  the  reaction  of  syn¬ 
thetic  nano-scale  LiFeP04  with  ambient  atmosphere.  The  essential 
role  of  humidity,  the  appearing  of  Fe(III)  and  the  reduction  of 
the  cell  volume  of  triphylite  have  been  brought  forward  [16-20] 
but  the  reaction  mechanism  remains  unclear.  In  parallel,  aging 
of  natural  olivine  has  been  studied  by  mineralogists.  This  body 
of  work  includes  the  natural  degradation  of  Fe-Mn  based  phos¬ 
phates  under  soft  hydrothermal  (low  temperature)  conditions.  Two 
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reaction  mechanisms  were  underlined:  lithium  extraction  with 
a  progressive  oxidation  of  iron  and/or  manganese  following  the 
Quensel-Mason  sequence  [21,22]  describing  the  transformation  of 
Mn-Fe  triphylite  into  ferrisicklerite  and  then  heterosite: 

Li(Fe(II)1_xMn(II)x)P04  =*  LixD1_x(Fe(III)1_xMn(II)x)P04 

=►  □(Fe(III)1_xMn(III)x)P04  (1) 

This  reaction  mechanism  has  also  been  proposed  by  Flatert  and 
Schmid-Beurmann  [22]  in  the  case  of  LiFeP04.  The  ferrisicklerite 
keeps  the  same  structure  as  triphylite  with  a  smaller  cell  volume. 
The  second  possible  reaction  mechanism  emphasizes  the  role  of 
water  with  iron  oxidation  through  the  incorporation  of  FI2O  or 
OFI-  groups  in  the  structure.  Moore  [23]  proposed  two  possible 
reactions: 

Fe“  +  H20  =>  Fenl  +  OH-  +  l/2H2-fr  (2) 

Fe“  +  OFI-  =>  Fe1"  +  O2-  + 1  /2H2  ft  (3 ) 

These  two  reactions  are  observed  for  hydrated  and  hydroxy- 
lated  iron  phosphates  and  were  pointed  out  by  Fransolet  [24]  in 
the  case  of  olivine  for  which  they  lead,  for  example,  to  tavorite-like 
LiFe(III)(P04)0FI  compound  in  the  case  of  reaction  (2). 

More  recently,  an  article  by  Masquelier  and  co-workers  [19] 
details  the  deterioration  mechanism  of  the  triphylite  in  oxidiz¬ 
ing  atmosphere  for  temperature  from  150  °C  up  to  700  °C.  At  their 
lowest  temperature  of  150°C,  they  conclude  on  the  migration  of 
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iron  atoms  from  the  core  to  the  surface  of  the  particles  where 
they  react  with  02  to  give  iron  oxide.  Fe203  cannot  be  however, 
observed  by  Mossbauer  at  this  temperature  and  modifications  of 
local  environments  using  Mossbauer  spectroscopy  appear  from 
approx.  200  °C.  Recent  work  by  our  group  [20]  indicated  a  different 
aging  mechanism  at  lower  temperature  and  suggested  the  forma¬ 
tion  of  an  amorphous  ferric  phosphate  after  a  prolonged  contact 
with  120°C  humid  air.  Complementary  to  these  previous  studies, 
the  work  presented  here  aims  to  give  more  precision  and  to  further 
understand  alterations  of  the  material  under  soft  conditions  of  tem¬ 
perature  and  humidity,  closer  to  the  storage  or  drying  conditions 
typically  used  for  this  material.  Combined  use  of  TGA-DSC,  Moss¬ 
bauer,  XRD,  XPS,  and  7  Li  NMR  permits  to  shed  light  on  the  alteration 
of  olivine  in  atmosphere  and  to  monitor  the  structural  and  chemi¬ 
cal  changes  occurring.  Finally,  electrochemical  experiments  and  EIS 
aim  to  grasp  the  consequences  of  these  modifications.  As  a  conclu¬ 
sion  of  these  studies,  a  scheme  of  the  most  probable  aging  scenario 
will  be  proposed. 


2.  Experimental 

The  LiFeP04-C  composite  was  synthesized  via  the  solid-state 
method  developed  by  Yamada  et  al.  and  described  in  previous 
papers  [5,7].  These  composites  contain  olivine  particles,  whose  size 
has  been  evaluated  to  80  nm,  intimately  mixed  (but  not  coated) 
with  10  wt%  Ketjenblack  electroconductive  carbon.  It  was  possi¬ 
ble  to  avoid  any  atmosphere  contact  by  the  use  of  a  sealed  furnace 
tube,  keeping  the  sample  under  argon  for  the  transfer  to  the  argon 
glove  box.  A  similar  synthesis  without  adding  electroconductive 
carbon  prior  to  the  700  °C  thermal  treatment  allows  obtaining  a 
pure  LiFeP04  carbon-free  material. 

The  TGA-DSC  experiments  were  performed  on  a  SETARAM 
TG-DSC  111  at  2  °C  min-1  rate.  The  drying  of  air  and  oxygen  were 
obtained  by  letting  the  gas  flow  through  P205  powder.  For  wet  02, 
the  gas  was  let  bubbling  in  water. 

The  57Fe  Mossbauer  spectra  were  collected  with  a  57Co  7-ray 
source.  Velocity  and  isomer  shift  calibration  were  performed  using 
a-Fe  as  a  standard  at  room  temperature. 

The  XRD  diffractograms  were  obtained  on  a  D8  ADVANCE 
(BRUKER  AXS)  apparatus  using  CuKa  radiation  and  TOPAS  software 
was  used  for  Rietveld  refinement.  For  amorphous  phase  quantifica¬ 
tion,  the  samples  were  thoroughly  mixed  with  15%  of  reference  Si 
powder  (particle  size  of  500  nm)  and  Brindley  correction  was  taken 
into  account. 

XPS  analyses  were  performed  using  a  KRATOS  AXIS  ULTRA  165 
offering  a  high-energy  resolution.  The  spectra  were  recorded  in  the 
CEA  mode  (constant  analyzer  energy)  with  an  analyzer  pass  energy 
of  20  eV  to  obtain  elemental  quantification  and  detailed  spectra 
analysis  and  to  probe  lOnm  in  depth.  The  samples  were  attached 
on  a  carbon  tape  and  a  charge  neutralizer  was  used  to  minimize 
charging  effects.  Peak  assignment  and  quantification  analysis  were 
performed  with  CASAXPS  software. 

7Li  MAS  NMR  measurements  were  carried  out  at  room  temper¬ 
ature  on  a  Bruker  Avance-500  spectrometer  (B0  =  H-8T,  Larmor 
frequency  Vo  =  194.369  MFIz  in  7Li  resonance).  The  measurement 
procedure  refers  to  a  previous  work  done  on  LiNi0.5Mn0.5O2  sam¬ 
ples  in  order  to  visualise  diamagnetic  lithium  on  the  surface  of  a 
paramagnetic  material.  This  method  is  very  useful  in  the  case  of 
LiFeP04  as  the  XPS  signal  of  lithium  is  superimposed  with  an  iron 
peak.  Single-pulse  MAS  spectra  were  obtained  by  using  a  Bruker 
MAS  probe  with  a  cylindrical  4-mm  o.d.  zirconia  rotor.  Spinning 
frequencies  up  to  14kFIz  were  utilized.  A  short  single  pulse  length 
of  1  |jis  corresponding  to  a  non-selective  tt/2  pulse  was  used.  Recy¬ 
cle  time  was  in  the  0.5-60  s  range  and  a  spectrometer  dead  time 
(preacquisition  delay)  of  4.5  |xs  was  used  before  each  acquisition. 


Fig.  1.  TGA  in  ambient  air  of  carbon  free  LiFeP04  (triangles),  10  wt%  carbon-LiFeP04 
composite  (squares)  and  Ketjenblack  electroconductive  carbon  (circles).  The  heating 
rate  is  2  °C  min-1. 

The  isotropic  shifts,  reported  in  parts  per  million,  are  relative  to  an 
external  liquid  1  M  LiCl  aqueous  solution  set  at  0  ppm.  The  spectra 
were  quantitatively  compared  via  the  total  integrated  intensity  of 
the  signal  for  each  sample.  All  parameters  were  kept  constant  for 
each  series  of  NMR  measurements:  number  of  scans,  probe  tun¬ 
ing  process,  spinning  frequency,  etc.  The  spectra  displayed  in  this 
work  were  normalized  to  the  number  of  scans  and  the  mass  of  the 
sample. 

Galvanostatic  cycling  was  performed  using  Swagelok  cells  and 
MacPile  system  at  a  C/20  rate.  A  slurry  of  the  electrode  powder  in 
n-methyl-pyrolidinone  (NMP)  was  deposited  on  a  1  cm2  aluminum 
disk  and  then  dried  under  vacuum  at  100°C  for  24  h.  Electrodes 
were  constituted  of  75  wt%  of  active  material,  20  wt%  of  ketjenblack 
carbon  and  5  wt%  poly-vinylidene  di-fluoride  (PVdF). 

Electrochemical  impedance  spectroscopy  (EIS)  measurements 
(from  50  mEIz  to  200  kEIz)  were  obtained  using  a  VMP/Z  apparatus 
(Bio-logic,  France).  A  home-made  Swagelok-type  three  electrodes 
cell  was  used.  The  negative  electrode  was  made  of  a  disk  of  lithium 
metal.  The  reference  electrode  consisted  of  a  ring  of  lithium  metal 
surrounding  the  working  electrode.  Measurements  have  been  per¬ 
formed  at  the  end  of  a  5  h  relaxation  rest. 

3.  Results 

3.1.  Thermogravimetric  analyses 

TGA  experiment  under  argon  on  a  severely  aged  sample  (30 
days  at  120°C),  previously  published  [20],  indicated  the  presence 
of  structural  water  or  hydroxyl  group  in  aged  LiFeP04.  In  order 
to  obtain  additional  information  on  the  necessary  conditions  for 
the  aging  mechanism  to  occur,  TGA/DSC  experiments  under  var¬ 
ious  atmospheres  were  performed  on  pristine  and  aged  samples. 
The  TGA  of  LiFeP04-C  composite  performed  in  ambient  air  until 
550  °C  is  presented  in  Fig.  1 .  Comparison  with  the  response  of  pure 
Ketjenblack  carbon  and  carbon-free  olivine  allows  here  separat¬ 
ing  contributions  of  olivine  and  carbon.  The  carbon  free  LiFeP04 
exhibits  a  progressive  gain  of  mass  between  250  °C  and  450  °C 
corresponding  to  the  oxidation  of  iron  phosphate  to  iron  oxides 
and  Li3Fe2(P04)3  as  shown  by  Masquelier  and  co-workers  [19]  and 
resulting  in  a  red  powder.  After  a  slow  weight  loss  until  300  °C 
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attributed  to  water  desorption,  the  carbon  reacts  with  ambient 
air  around  600  °C  (see  insert  in  Fig.  1)  and  quickly  disappears.  The 
curve  obtained  for  the  LiFeP04-C  composite  includes  an  increasing 
of  the  mass  between  250  °C  and  325  °C  assigned  to  the  oxidation  of 
LiFeP04  followed  by  a  weight  loss  between  325  °C  and  500  °C  due 
to  the  departure  of  the  10  wt%  of  carbon.  This  weight  loss  appears 
at  a  slightly  lower  temperature  in  the  case  of  the  composite.  No 


additional  phenomenon  is  observed.  Fig.  2a  and  b  displays  the  cor¬ 
responding  XRD  patterns  obtained  before  the  TGA  experiment,  at 
the  temperature  of  interest  (120  °C)  and  after  the  TGA  experiment 
for  LiFeP04-C  and  LiFeP04  respectively.  In  both  cases,  no  crystal¬ 
lized  impurity  is  detected  at  120°C  and  only  the  olivine  can  be 
observed.  The  complete  oxidation  into  Li3Fe2(P04)3  is  also  con¬ 
firmed  after  the  phenomenon  observed  between  250  °C  and  450  °C. 


LiFeP04~C  pristine 


120°C 


550°C 


20 


30 


40 


50 


60 


20  1° 


'*»*^*+J  JLaj 


LiFeP04  pristine 


120°C 


Li — 


550°C 


Fig.  2.  XRD  patterns  of  LiFeP04-C  (a),  LiFeP04  (b)  and  LiFeP04-C  aged  10  days  at  120  °C  (c)  pristine,  at  120  °C  and  after  the  TGA  experiments  under  ambient  atmosphere. 
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Table  1 

Lattice  parameters  extracted  from  the  XRD  diagrams  obtained  for  LiFeP04-C  samples  preserved  from  atmosphere,  exposed  at  120°  C,  10  days  to  ambient  atmosphere,  dry 
air  and  argon  and  1  day  to  CO2.  x  gives  the  calculated  equivalent  missing  lithium  using  a  Vegard’s  law  (see  Ref.  [16]). 


Atmosphere  treatment 

a  (A) 

6(A) 

c  (A) 

v  (A3) 

X 

No  exposure 

10.3308(2) 

6.0081(1) 

4.6944(1) 

291.378(6) 

0 

Ambient  atmosphere 

10.3100(2) 

5.9987(2) 

4.6973(2) 

290.51(1) 

0.041 

Dry  air 

10.3254(3) 

6.0054(2) 

4.6937(2) 

291.05(2) 

0.012 

C02 

10.3290(3) 

6.0072(2) 

4.6936(2) 

291.23(2) 

0.004 

Argon 

10.3304(3) 

6.0079(1) 

4.6937(2) 

291.30(2) 

0.001 

Fig.  3  shows  the  TGA  curves  for  LiFeP04-C  composites  for  various 
conditions  of  storage.  The  masses  of  these  three  samples  have  been 
followed  during  a  slow  increasing  of  temperature  (2  °C  min-1 )  until 
550  °C  in  ambient  atmosphere.  The  major  phenomena,  already  vis¬ 
ible  in  Fig.  1  in  the  250-550  °C  range,  are  reproduced.  A  similar 
evolution  is  also  observed  by  XRD  (Fig.  2a  and  c)  for  LiFeP04-C 
and  LiFeP04-C  aged  10  days  at  120°C  i.e.  no  modification  of 
the  XRD  pattern  observed  at  120°C  and  complete  oxidation  into 
Li3Fe2(P04)3  after  the  TGA  experiments.  Differences  between  com¬ 
posite  samples  that  have  been  preserved  from  atmosphere  and 
samples  that  have  undergone  a  contact  with  atmosphere  during  10 
days  at  room  temperature  and  at  120  °C  can  be  visualized  at  lower 
temperature  (see  insert  of  Fig.  3)  showing  a  clear  influence  of  the 
contact  with  the  atmosphere.  Considering  that  our  previous  studies 
[16,20]  have  demonstrated  that  the  composite  undergoes  an  effect 
of  atmosphere  storage  at  room  and  low  temperature  (120  °C),  the 
area  localised  at  the  lowest  temperature  range  of  the  experiment 
is  of  the  most  interest.  In  this  domain,  a  sample  that  has  never 
experienced  atmosphere  contact  displays  a  slight  increase  of  mass 
around  150°C.  This  gain  of  mass,  not  visible  for  an  aged  sample, 
can  be  attributed  to  the  reaction  of  the  preserved  olivine  sample 
with  ambient  atmosphere  whereas  an  aged  sample  has  already  sus- 


Fig.  3.  TGA-DSC  curves  under  ambient  atmosphere,  obtained  for  LiFeP04-C  com¬ 
posite  samples  stored  in  argon  (circles),  exposed  10  days  to  ambient  atmosphere  at 
R.T.  (squares)  and  at  120  °C  (triangles).  The  heating  rate  is  2  °C  min-1 .  The  insert  is  a 
zoom  of  the  low  temperature  area. 


tained  this  reaction  upon  storage  in  atmosphere.  Instead,  samples 
exposed  to  air  only  display  a  slight  decrease  of  mass  assigned  to 
the  departure  of  adsorbed  moisture.  The  temperature  marking  the 
beginning  of  the  weight  gain  is  situated  above  1 00  °C  and  therefore, 
this  additional  phenomenon  cannot  be  assigned  to  a  simple  adsorp¬ 
tion  of  water.  For  this  reason,  if  water  is  involved  in  this  weight  gain, 
this  water  must  be  chemisorbed  and  reacting  with  the  sample. 

Possible  reaction  of  the  olivine  with  C02  was  ruled  out  in  pre¬ 
vious  works  [13,25].  Flere,  in  addition,  we  performed  additional 
Rietveld  refinements  on  samples  aged  under  C02  atmosphere, 
which  showed  negligible  variation  of  cell  parameters,  indicat¬ 
ing  therefore  a  readily  negligible  alteration  due  to  C02  exposure 
(Table  1).  C02  can  then  be  removed  from  the  list  of  potential 
reagents.  Reaction  with  02  and  FI20  will  be  further  discussed 
below.  In  order  to  discriminate  the  species  present  in  the  ambi¬ 
ent  atmosphere  and  reacting  at  low  temperature  with  the  olivine, 
TGA  experiments  under  various  gases  have  been  performed  on 
LiFeP04-C  composite  samples  preserved  from  ambient  atmosphere 
except  for  the  few  seconds  necessary  to  the  setting  of  the  sam¬ 
ple  in  the  TGA  crucible.  The  results  are  displayed  in  Fig.  4  and 
include  argon,  ambient  “wet”  atmosphere  and  dried  atmosphere 
curves.  The  lattice  parameters  obtained  from  XRD  pattern  of  olivine 
exposed  10  days  at  120°C  to  these  gases  are  gathered  in  Table  1. 
Concerning  the  argon  curve,  only  water  departure  is  noticed  and 
stops  at  around  325  °C  with  a  total  water  amount  of  around  1.1 
wt%.  This  is  attributed  to  the  water  taken  by  the  material  during  the 
preparation  of  the  sample.  This  important  quantity,  although  the 
material  has  spent  only  few  seconds  in  atmosphere,  demonstrates 
the  important  interaction  between  water  and  the  composite.  The 


Temperature  /  °C 

Fig.  4.  TGA  curves  carried  out  under  different  gases  for  LiFeP04-C  composite  sam¬ 
ples  preserved  from  ambient  atmosphere.  Heating  rate  is  2  °C  min-1 .  The  insert  is  a 
zoom  of  the  low  temperature  area. 
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Time  /  hours 

Fig.  5.  TGA  curve  of  an  atmosphere  preserved  LiFeP04-C  sample  during  a  24  h  at 
120  °C  stage  in  ambient  atmosphere. 

reaction  under  dry  air  leads  to  a  very  regular  increasing  of  mass 
in  the  1 00-250  °C  range  with  respect  to  the  reaction  under  wet 
ambient  air.  This  result  shows  that  the  reactivity  at  low  tempera¬ 
ture  is  influenced  by  the  presence  of  water.  Nevertheless,  regarding 
the  temperature  of  the  beginning  of  oxidation  in  the  case  of  dry  air 
(around  1 60  °C),  the  oxygen  alone  induces  some  reactivity  as  well  at 
moderate  temperature.  This  is  consistent  with  the  results  obtained 
previously  [16],  showing  that  dry  air  induces  slight  changes  in  the 
olivine  structure  even  though  water  is  not  present. 

In  addition,  to  address  the  role  of  water  in  the  reaction,  a  sample 
preliminary  stored  in  argon  has  been  exposed  at  120°C  for  24  h  in 
ambient  atmosphere  (Fig.  5).  The  corresponding  TGA  curve  exhibits 
two  well  separated  domains:  during  the  first  12  h,  the  mass  of  the 
sample  decreases  by  0.8  wt%.  This  phenomenon  can  be  attributed  to 
the  physisorbed-water  due  to  sample  preparation.  After  this  first 
step  and  during  the  12  following  hours,  the  mass  of  the  sample 
increases  until  it  reaches  approximately  its  initial  mass.  Previously 
published  work  by  our  group  has  proven  that  exposition  of  LiFeP04 
to  ambient  atmosphere  at  120°C  leads  to  strong  alteration  [16] 
of  the  olivine  structure  along  formation  of  amorphous  ferric  iron 
phosphate  [20].  Most  probably,  adsorbed  water  loss  and  alteration 
of  the  material  occur  at  the  same  time  and  only  the  balance  of 
gain/loss  is  seen.  In  parallel,  for  a  similar  treatment  in  dry  02  (Fig.  6), 
the  sample  mass  undergoes  only  a  slight  increase  in  27  h  repre¬ 
senting  0.15  wt%.  This  reaction  is  attributed  to  the  oxidation  of 
Fe(II)  to  Fe(III)  along  an  oxygen  uptake  of  the  material,  consider¬ 
ing  a  direct  reaction  of  02  with  LiFeP04.  Nevertheless,  a  reaction 
with  02  only  cannot  explain  the  11%  of  trivalent  iron  observed  by 
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Fig.  7.  Mossbauer  spectrum  of  a  LiFeP04-C  sample  stored  10  days  at  120  °C  in 
ambient  atmosphere. 

Mossbauer  after  1  day  storage  at  1 20  °C  in  atmosphere  [16].  Indeed, 
with  one  oxygen  atom  uptake  for  two  oxidized  Fe,  the  correspond¬ 
ing  calculated  percentage  of  trivalent  iron  would  be  3%  after  1  day 
in  ambient  atmosphere  at  120  °C.  Moreover,  when  1%  of  relative 
humidity  is  introduced  (Fig.  6)  a  0.95  wt%  mass  uptake  is  observed 
in  24  h.  Based  on  Eq.  (2),  the  calculated  corresponding  percentage 
of  trivalent  iron  would  be  9.5%  of  oxidized  iron  which  is  consistent 
with  the  12%  observed  previously  by  Mossbauer  [16].  Consider¬ 
ing  the  3%  Fe(III)  corresponding  to  exposure  to  dry  atmosphere, 
these  results  demonstrate  clearly  that  although  reaction  with  02  is 
occurring,  the  main  cause  of  the  alteration  of  LiFeP04  is  the  reaction 
involving  humidity  contained  in  the  atmosphere. 

3.2.  Structural  and  physico-chemical  analyses 

In  order  to  ease  the  characterization  of  the  changes,  the  con¬ 
ditions  of  storage  have  been  aggravated  with  respect  to  previous 
work  [16]  by  increasing  the  storage  duration  up  to  10  days  at 
120  °C  in  ambient  atmosphere.  The  Mossbauer  spectrum  displayed 
in  Fig.  7  allows  the  quantification  of  the  different  Fe  oxidation 
states  in  the  corresponding  aged  sample.  The  spectrum  mainly 
exhibits  the  Fe(II)  doublet  of  LiFeP04  with  QS  =  2.92  mms-1  and 
IS  =  1 .21  mm  s-1 .  As  it  was  already  observed  for  softer  atmosphere 
storage  conditions,  a  doublet  attributed  to  Fe(III)  sites  is  also 
present.  The  deduced  amount  of  trivalent  iron  represent  35%  of 
the  total  iron  content,  which  are  three  times  the  quantities  found 
after  only  1  day  at  120  °C  in  ambient  atmosphere  [16]  and  sig¬ 
nificantly  less  than  the  amount  found  after  30  days  at  120°C 
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Fig.  6.  TGA  curve  of  an  atmosphere  preserved  LiFeP04-C  sample  during  a  24  h  120  °C  stage  in  dry  O2  followed  by  a  stage  in  a  wet  atmosphere. 
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Table  2 

Results  obtained  for  LiFeP04-C  sample  stored  10  days  at  120  °C  in  ambient  atmo¬ 
sphere  via  a  quadrupolar  splitting  distribution  fit. 

Site  Average  QS  QS  distribution  FWHH  IS(mms_1)  (%) 

(mms-1)  (mms-1)  (mms-1) 

1  2.92  2.57-3.00  0.25  1.21  65  Fe(II) 

2  0.90  0.25-1.30  0.40  0.44  35  Fe(III) 


Intensity  /  a.u. 

f  : 

id 

r 

dj 

i  i 

i  i  ill  i  i  ii  i  i  n  mi  ii  1 1  n  i  in  hi  a  i  1 1  in  i  i  ii 

_ i _ i _ i _ i _ 

20  30  40  50  60 

20  1° 


Fig.  8.  XRD  diagram  of  a  LiFeP04-C  composite  stored  in  atmosphere  during  10  days 
at  120°C. 
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Fig.  9.  Fe2p  XPS  spectrum  of  LiFeP04-C  preserved  from  atmosphere  and  exposed 
to  atmosphere  10  days  at  120  °C. 


(45%)  [20].  The  significant  amount  of  Fe(III)  allowed  to  obtain 
accurate  data  about  the  corresponding  site:  QS  =  0.90 mms-1  and 
IS  =  0.44  mm  s-1  (Table  2).  These  values  are  in  agreement  with  data 
previously  found  on  this  composite  for  a  1  day  storage  and  30  days 
storage  at  120°C  in  humid  air  and  were  previously  assigned  to  an 
amorphous  ferric  phase  formed  along  atmosphere  exposure  [20]. 
This  result  confirms  that  the  reaction  is  only  aggravated  and  does 
not  lead  to  any  new  environment  compared  to  a  shorter  treatment 
in  similar  conditions. 

The  XRD  diagram  of  the  10  days  aged  sample,  shown  in  Fig.  8, 
does  not  exhibit  any  additional  crystalline  phase  other  than  the  ini¬ 
tial  triphylite  one.  Moreover,  the  lattice  parameters  for  the  aged 
triphylite  phase  change  when  compared  to  those  of  a  pristine, 
atmosphere  preserved  sample  (Table  3).  A  significant  decrease  of 
a  and  b  parameters  and  an  increase  of  c  is  deduced  from  Rietveld 
refinement.  This  variation  is  expected  for  the  departure  of  a  small 
quantity  of  lithium  from  the  triphylite  phase  in  its  solid  solution 
domain  [7,8].  Using  Vegard’s  law,  the  corresponding  lithium  com¬ 
position  is  Li0.96FePO4,  which  is  within  the  “solid  solution  domain” 
limits  of  80  nm  LiFeP04  particles  (Li0.96FePO4  for  lOOnm  particles 
[7,9])  and  so,  does  not  lead  to  the  formation  of  heterosite  struc¬ 
ture.  The  significant  difference  between  the  calculated  quantity  of 
lithium  missing  in  the  triphylite  phase  and  the  amount  of  Fe(III) 
visible  via  Mossbauer  is  attributed  to  the  presence  of  the  amor¬ 
phous  ferric  phosphate  phase.  No  evidence  of  cationic  exchange 
could  be  found  by  Rietveld  refinement  as  no  increase  of  the  lat¬ 
tice  parameters  values  has  been  observed.  Quantitative  subsequent 
Rietveld  refinements  by  adding  an  internal  reference  of  crystallized 
Si  in  known  amount  prior  aging,  indicate  that  1 5  wt%  is  amorphous, 
highly  disordered  or  nano-crystallized.  In  addition,  no  Fe(III)-rich 


phase  is  visible  to  XRD  in  agreement  with  results  previously  pub¬ 
lished  [20]  in  the  case  of  a  more  severe  aging  treatment,  confirming 
the  formation  upon  air  exposure  of  an  amorphous  ferric  phosphate 
side  phase,  detrimentally  to  olivine  LiFeP04. 

The  new  amorphous  ferric  phosphate  phase  due  to  aging  in  con¬ 
tact  of  ambient  atmosphere,  is  expected  to  be  present  at  the  surface 
of  the  grains.  For  this  reason,  XPS  has  been  used  to  monitor  the  evo¬ 
lution  of  the  surface  along  the  aging  process  over  1 0  days  at  1 20  °C. 
The  corresponding  Fe2p  XPS  spectra  are  given  in  Fig.  9.  The  pristine 
sample  exhibits  a  predominant  signal  of  Fe(II)  atoms  at  709.8  eV 
whereas  the  surface  of  the  aged  sample  seems  mostly  composed 
of  a  Fe(III)-rich  phase  visible  at  711.8eV.  Indeed,  the  Fe(III)/Fe(II) 
ratio  of  the  surface  (around  lOnm  deep)  given  by  the  quantifica¬ 
tion  evolves  from  0.7  to  4.8  for  pristine  to  aged  samples.  (Note:  the 
presence  of  small  amounts  of  Fe(III)  on  a  preserved  sample  may 
be  due  to  unavoidable  glove  box  pollution).  This  result  allows  con¬ 
cluding  about  the  presence  of  a  Fe(III)-rich  surface  of  the  particle. 
The  visible  olivine  bonds  have  not  evolved  (Table  4).  The  charac¬ 
teristic  phosphate  peaks  of  P  (P2p3/2  at  133.5  eV)  and  O  (531.5  eV) 
are  unchanged,  indicating  that  phosphate  groups  are  certainly  pre¬ 
served.  No  Fe-0  bonds  related  to  iron  oxides  can  be  seen  on  Ols 
region  at  530  eV  (see  Fig.  10a).  This  proves  the  non-existence  of 
iron  oxides,  such  as  Fe203,  at  the  surface  of  our  sample,  consis¬ 
tent  with  Mossbauer  results.  In  addition,  there  is  no  evidence,  from 
the  P2p  data,  of  Li3P04  that  would  be  the  counterpart  of  Fe203. 
Fe/P  and  P/Ophosphate  relative  ratios  are  constant,  indicating  that 
the  triphylite  Fe/P/O  stoichiometry  is  globally  kept  on  the  surface 
after  the  atmospheric  alteration,  supporting  the  presence  of  an  iron 
phosphate  at  the  surface  of  the  particles.  Although  the  Lils  sig¬ 
nals  cannot  be  separated  from  the  Fe3p  peaks,  no  carbonate  Li2C03 


Table  3 

Lattice  parameters  and  crystallized  phase  quantification  extracted  from  Rietveld  refinement  of  the  XRD  diagrams  obtained  for  LiFeP04-C  samples  preserved  from  atmosphere 
and  exposed  to  atmosphere  10  days  at  120  °C.  x  gives  the  calculated  equivalent  missing  lithium  using  a  Vegard’s  law  (see  Ref.  [16]). 


Atmosphere  treatment 

a  (A) 

b(A) 

c(A) 

v(A3) 

X 

Cryst.  (%) 

No  exposure  (Rexp:  2.08%,  RWp:  2.25%,  Rp:  1.8%, 

GOF:  1.09,Rbragg:  0.521%) 

10.3308(2) 

6.0081(1) 

4.6944(1) 

291.378(6) 

0 

Exposure  10  days  120°C(Rexp:  2.51%,  Rwp: 

3.13%,  Rp:  2.27%,  GOF:  1.23,  Rbragg:  0.651%) 

10.3100(2) 

5.9987(2) 

4.6973(2) 

290.51(1) 

0.041 

75(3) 
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Table  4 

Results  of  XPS  spectra  analyses  with  core  level  peaks  binding  energies  and  atomic 
percentage.  Fe2p3/2  “shake  up”  peaks  have  been  taken  into  account  for  iron 
quantification. 


Elements 

No  atmosphere  exposure 

Atmosphere  exposure  10 
days  at  120 °C 

Cls 

284.6  eV  (47%) 

284.6  eV  (46%) 

286.1  eV  (4%) 

285.9eV  (11%) 

Ols 

531.6  eV  (34%) 

531.4  eV  (28%) 

- 

533.1  eV  (3%) 

P2p3/2 

133. 6eV  (10%) 

133.4  eV  (8%) 

Fe2p3/2 

709.9  eV  (3%) 

709.8  eV(l%) 

711. 8eV  (2%) 

711. 5eV  (3%) 

characteristic  peak  (Cls  at  290  eV)  is  visible  (Fig.  10b),  in  agree¬ 
ment  with  Herstedt  et  al.  [13]  results  and  no  peak  corresponding 
to  Li20  at  528.3  eV  on  the  Ols  region  is  visible  here.  However,  it  is 
not  possible  to  rule  out  the  presence  of  LiOH. 

Recent  works  done  on  different  cathode  materials  using  7  Li 
MAS  NMR  have  permitted  to  observe  the  presence  of  diamagnetic 
lithium  compounds  formed  at  the  surface  of  paramagnetic  materi¬ 
als  [26-28].  The  procedure  of  this  analysis  is  extensively  described 
elsewhere  [28]  and  allows  observing  selectively  7Li  nuclei  in  an 
intrinsically  diamagnetic  phase  on  the  surface  of  a  paramagnetic 
electrode  material.  The  7Li  MAS  NMR  spectra  obtained  on  a  pre¬ 
served  sample  and  on  a  sample  exposed  to  atmosphere  10  days  at 
120 °C  are  presented  in  Fig.  11.  No  quantifiable  signal  is  obtained 
for  both  samples.  Additionally,  an  experiment  has  been  carried  out 
by  adding  4  wt%  of  LiOH  (corresponding  to  the  expected  mass  of 
LiOH  that  could  be  formed  by  37%  of  lithium  extraction  from  the 
triphylite),  thoroughly  mixed  by  mortar  to  an  LiFeP04-C  sample 
in  order  to  evaluate  the  signal  due  to  such  a  quantity  of  lithium 
hydroxide  intimately  mixed  with  the  paramagnetic  LiFeP04  phase. 
In  that  case,  a  signal  is  clearly  observed  near  0  ppm  and  displays 
a  broad  line  shape  characteristic  of  the  interaction  between  LiOH 
and  the  surface  of  the  LiFeP04  grains.  This  suggests  that  most  of  the 
lithium  localized  on  the  surface  is  either  present  within  the  Fe(III)- 
rich  surface  phase  or  under  the  form  of  LiOH  clusters  “diluted”  in 
the  ferric  phase  and  therefore  in  close  intimacy  with  the  param- 


-1000  -500  0  500  1000 


6/  ppm 

Fig.  11.  7 Li  NMR  spectra  of  LiFeP04-C  preserved  from  atmosphere,  exposed  to 
atmosphere  10  days  at  120  °C  and  with  the  addition  of  4  wt%  of  LiOH. 

agnetic  active  material,  making  the  lithium  signal  not  observable 
under  a  relatively  high  magnetic  field  (1 1 .8  T). 

3.3.  Electrochemical  analyses 

The  electrochemical  cycling  (C/20)  of  a  sample  of  LiFeP04-C  hav¬ 
ing  been  exposed  to  atmosphere  10  days  at  120°C  is  displayed  in 
Fig.  1 2.  In  our  previous  work  [  1 6],  a  capacity  gap  has  been  observed 
between  the  first  charge  and  the  first  discharge  of  a  battery  for  a 
LiFeP04-C  cathode  that  was  exposed  to  atmosphere  1  day  at  1 20  °C. 
This  phenomenon,  proof  of  missing  lithium  ions  in  LiFeP04  was  in 
agreement  with  lithium  extraction  deduced  from  Rietveld  refine¬ 
ments  for  a  short  aging  time  (i.e.  1  day  at  120°C).  Nevertheless,  in 
the  case  of  the  present  10  days-aged  sample,  the  values  of  missing 


Fig.  10.  Ols  (a)  and  Cls  (b)  XPS  spectrum  of  LiFeP04-C  preserved  from  atmosphere  and  exposed  to  atmosphere  10  days  at  120 °C. 
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Capacity  /  mAh/g 

Fig.  12.  First  (dots),  second  (dashes)  and  fifth  (line)  galvanostatic  cycles  (discharge 
done  at  C/20  and  charge  done  at  CC/CV  until  C/200)  of  LiFeP04-C  exposed  10  days 
at  120°C. 


lithium  (0.2  Li  per  formula  unit)  obtained  from  the  capacity  gap  at 
the  end  of  the  first  charge,  with  respect  to  the  theoretical  capacity, 
fit  neither  the  high  Fe(III)  proportion  given  by  Mossbauer  (35%)  nor 
the  values  of  extracted  lithium  given  via  the  Vegard’s  law  (0.041 
Li).  Moreover,  both  the  2.6  V  electrochemical  process  [20,29]  and 
a  strong  capacity  loss  [19,20]  (20%  of  the  theoretical  capacity)  are 
visible  mainly  during  the  first  discharge.  This  phenomenon  already 
visible  on  the  galvanostatic  cycling  of  a  sample  exposed  to  atmo¬ 
sphere  1  day  at  120°C  [16]  is  not  observed  on  that  of  a  preserved 
sample.  This  phenomenon  is  aggravated  in  the  case  of  a  sample  aged 
for  30  days  at  120°C  [20].  The  capacity  corresponding  to  the  2.6  V 
process  at  low  voltage  and  the  percentage  of  initial  Fe(III)  increase 
with  the  time  of  exposure  to  hot  humid  atmosphere.  As  a  matter 
of  fact,  the  specific  capacity  measured  in  the  3-2  V  during  the  first 
discharge  increases  from  21  to  38  mAh/g  along  with  the  percent¬ 
age  of  iron  in  the  amorphous  phase,  from  31  to  38%  for  the  samples 
exposed  to  atmosphere  at  120°C  for  10  and  30  days  respectively. 
The  2.6  V  process  and  the  percentage  of  Fe(III)  are  therefore  linked 
together  and  can  be  now  attributed  to  a  consequence  of  the  aging 
in  atmosphere  and  not  an  intrinsic  phenomenon  of  LiFeP04,  as  it 
was  proposed  by  Yu  et  al.  [17]. 

The  evolution  of  complex  impedance  spectra  for  1  and  10  days 
aged  samples  after  1  complete  electrochemical  cycle  is  given  in 
Fig.  13.  The  initial  state  of  a  10  days  aged  sample  is  not  very  dif¬ 
ferent  from  the  initial  state  of  a  sample  exposed  only  1  day  at 
120°C  to  atmosphere.  A  single  semi-circle  is  visible,  displaying 
a  resistance  of  around  40-50  ohms  before  the  Warburg  diffusion 
and  has  been  previously  assigned  to  a  charge  transfer-double  layer 
phenomenon  [16].  After  one  entire  galvanostatic  cycle,  a  second 
phenomenon  appears  at  lower  frequencies,  displaying  a  much 
higher  resistance  value.  The  significant  expansion  of  the  global 
resistance  of  the  cathode  appears  to  be  linked  to  the  poor  specific 
capacity  obtained  for  this  sample.  Its  appearance  after  one  galvano¬ 
static  cycle  may  be  the  sign  of  the  transformation  of  this  phase 
during  the  intercalation-deintercalation  process  and  would  be  con¬ 
sistent  with  the  presence  of  a  Fe(III)-rich  disordered  phase  forming 
a  resistive  shell  around  LiFeP04  and  leading  to  a  new  interface. 


4.  Discussion 

Changes  of  olivine  during  its  exposure  to  atmosphere  are 
expected  to  be  the  consequence  of  a  superficial  oxidation.  We 
demonstrated  in  particular,  that  water  is  an  essential  element  of 
the  reactivity  of  olivine  in  ambient  atmosphere.  To  summarize 
the  characterization  analyses,  it  has  been  shown  that  the  crys¬ 
tallographic  cell  of  our  LiFeP04-C  sample  exposed  10  days  at 
120°C  to  ambient  atmosphere  undergoes  a  volume  shrinking  that 
can  be  linked  to  the  departure  of  Li  from  the  structure  with  a 


Fig.  13.  Impedance  spectra  obtained  for  LiFeP04-C  exposed  to  atmosphere  1  day 
at  120  °C  (white  symbols)  and  10  days  at  120  °C  (filled  symbols),  in  the  initial  state 
(dots)  and  fully  reduced  state  after  1  cycle  (square). 


migration  most  certainly  to  the  surface  of  the  particles.  The  cell 
volume  decreases  when  the  exposure  time  increases.  This  change 
is  observed  in  parallel  with  the  oxidation  of  the  iron  atoms  situated 
on  the  surface  of  the  olivine.  Masquelier  and  co-workers  [19]  linked 
the  lattice  volume  decrease  observed  at  150°C  to  the  migration  of 
iron  from  the  core  to  the  surface  creating  vacancies  in  the  centre  of 
the  particle  yielding  (Lii_e_xFey)Mi(Fe1_y_e/Lix)M2P04.  Neverthe¬ 
less,  the  migration  of  iron  atoms  from  the  core  toward  the  surface 
of  LiFeP04  particles  induces  the  presence  of  excess  of  iron  which 
should  oxidize  at  the  particle  surface  to  form  a  significant  amount 
of  Fe203.  However,  in  the  work  presented  here,  for  milder  tem¬ 
perature  conditions,  neither  XRD  nor  Mossbauer  give  any  evidence 
of  the  formation  of  such  oxide  for  heat  treatments  at  120°C  for  10 
days  or  30  days  [20].  In  addition,  such  a  significant  amount  of  Fe(III) 
is  not  found  in  the  diffracting  part  of  the  particle,  and  therefore  is 
probably  present  in  an  amorphous  phase,  on  the  surface  of  parti¬ 
cles  as  confirmed  by  the  high  Fe(III)/Fe(II)  ratio  obtained  from  XPS. 
Without  any  evolution  of  the  Fe/P  ratio  found  by  XPS  and  supported 
by  Mossbauer  results,  the  Fe(III)  can  be  considered  in  a  phosphate 
environment. 

The  lattice  shrinking,  occurring  in  the  bulk  is  the  sign  of  the 
creation  of  Li  vacancies,  within  the  solid  solution  domain,  in  the 
structure  of  olivine  LiFeP04.  The  most  probable  two  defects  appear- 


Fig.  14.  Overview  of  the  consequences  of  atmosphere  exposure  of  olivine  LiFeP04 
at  120  °C. 
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ing  in  such  structure  under  soft  conditions  of  temperature  are 
antisites  and  lithium  vacancies,  as  demonstrated  by  Islam  and  co¬ 
workers  [30].  Nevertheless,  no  evidence  of  cationic  exchange  could 
be  found  by  Rietveld  refinement  as  no  increase  of  the  lattice  param¬ 
eters  values  has  been  observed.  Such  deintercalation  of  lithium 
from  LiFeP04  is  not  contradicted  by  our  present  results  as  Li  still  can 
be  near  the  surface  as  LiOH  in  great  intimacy  with  iron-containing 
phases  and  not  observable  by  NMR  or  as  lithium  excess  present 
in  the  superficial  amorphous  phase.  Previous  combined  TGA  and 
mass  spectroscopy  [20]  indicated  the  departure  of  water  for  an 
aged  sample  heated  up  to  450  °C  under  argon.  From  this  study,  a 
LixFemP04(0H)x  formula  was  proposed  for  the  amorphous  phase 
resulting  from  the  aging  process  to  fit  at  the  same  time  the  depar¬ 
ture  of  lithium,  hydration  rate  and  the  presence  of  solely  ferric 
iron.  The  LixFeP04(0H)x  formula  of  the  surface  ferric  phosphate 
phase,  as  proposed  in  Ref.  [20]  and  consistent  with  results  devel¬ 
oped  in  this  work  is  lithium  deficient,  and  therefore  cannot  contain 
the  excess  lithium  due  to  the  deintercalation  of  the  LiFeP04  crys¬ 
talline  phase.  Consequently,  the  presence  of  small  LiOFI  clusters  in 
strong  interaction  with  the  paramagnetic  Fe,  which  would  make 
them  undetectable  by  NMR  seems  to  be  the  most  reasonable  inter¬ 
pretation. 

It  seems  then  reasonable,  considering  a  role  of  both  oxygen  and 
water  to  propose  the  following  mechanism: 

LiFenPC>4  +  1  /2H20  +  1  /402  =*•  LixFelnxP04(OH)x  +  (l-x)LiOH 

(4) 

Fig.  14  summarizes  the  possible  overall  changes  that  could 
explain  our  results,  in  agreement  with  results  previously  obtained 
in  [20]. 

5.  Conclusion 

The  study  of  a  LiFeP04-C  sample  having  undergone  a  stay  of  10 
days  at  120°C  under  ambient  atmosphere  has  been  carried  out  to 
shed  a  light  on  its  degradation  process  at  moderate  temperature 
(below  150°C).  TGA  results  showed  the  determinant  role  of  water 
in  this  process,  indicating  that  the  aging  process  in  ambient  atmo¬ 
sphere  is  more  complicated  than  a  simple  oxidation.  The  appearing 
of  a  disordered  ferric  phosphate  phase  is  observed  on  the  surface 
of  particles,  keeping  the  FeP04  stoichiometry  and,  in  parallel,  the 
lithium  extraction,  is  responsible  for  a  cell  volume  shrinking  in  the 
core.  No  Fe203  can  be  observed  by  Mossbauer  proving  the  par¬ 
ticular  effect  of  moderate  temperature  (below  150  °C)  atmosphere 
exposure  compared  to  higher  temperature.  Concerning  lithium,  the 
atoms  extracted  from  the  core  are  most  probably  under  the  form 
of  LiOH  clusters  in  close  intimacy  with  paramagnetic  iron  phase. 
The  presence  of  the  surface  LixFeP04(OH)x  disordered  phase,  able 
to  intercalate  lithium  with  a  bad  reversibility  around  2.6  V,  leads  to 
an  increase  of  the  electrode  resistance  and  to  the  degradation  of  the 
electrochemical  performance.  An  important  result  is  that  the  stor¬ 
age  conditions  used  for  this  material  must  be  drastically  set  to  avoid 
any  alteration  of  the  phase,  even  at  low  temperature.  Based  on  these 
results  and  previously  published  data  on  samples  aged  at  room 


temperature  [16],  most  probably  the  same  aging  mechanism  apply 
to  sample  stored  in  ambient  atmosphere  at  room  temperature. 
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